1. Introduction. -The experimental works of Thomy, Duval, RCgnier et al. [1-51 show that adsorbed layers of rare gases and simple hydrocarbons on lamellar substrates undergo numerous phase transitions, the thermodynamic parameters of which are easily measurable. For this reason, and according to the idea that the structure of the two-dimensional (2 D) condensed phases should be simpler than that of the three-dimensional (3 D) phases, one is tempted to consider 2 D-phases as good models for studying the phase transitions in general. So, one defines 131 not only a 2 D-gas and 2 D-solids, but also a 2 D-liquid, having typically a lower density with respect to the solids and a'great mobility. Unfortunately, while the liquid behaviour of this phase, whose domain of existence is well known, has not yet been directly proved (e-g. by a structure determination technique) we know almost nothing about the thermodynamic stability of the multitude of 2 D-ordered phases (some of them with rather low density) observed by low energy electron diffraction in other systems. Thus, the 2 D-liquid in the particular case of adsorption of rare gases on lamellar substrates is still highly hypothetical, the more because two points call in question its existence. a ) 2D-layers can be realised on a foreign substrate only if they adhere on it better than on their own substrate (that is the 3 D-crystal of the same substance). Even a weak energetic surface structure of the foreign substrate should then be opposed to the existence of a 2 D-liquid layer, in the same way as crystals are mostly resisting surface melting at temperatures lower than the melting point. As regards the lamellar substrates, in particular graphite, the different authors hesitate between two possibilities for the depth of the potential wells on the basal face. A negligible depth [6, 7 , 81 might justify the existence of a 2 D-liquid layer, while large depth could explain [4] the rearrangement and lateral compression of the solid layers, leading t o registry.
b ) In the case-of a perfectly smooth substrate (from energetic point of view), the key word high mobility is not sufficient to justify the existence of a phase, in a whole range of thermodynamic conditions, if its individuality is not asserted by a particular structure. It is known that 3 D-liquids are characterized by a structure, resulting from short range order (in the case of monoatomic liquids, the first coordination shell of an atom shows statistically a five fold symmetry [9, 101) 
and long range
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1977413 disorder. At the melting point the structure of the liquid is just as stable as that of the crystal, although the latter is completely different (in the case of monoatomic crystals, the first coordination shell of an atom shows six-fold symmetry). The increased mobility of a liquid comes from its structure inspite of the trivial fact that the mean kinetic energy of the molecules in the crystal and in the liquid at the melting point is the same.
Nothing similar occurs in the case of a 2 D-liquid.
A simple hard sphere model shows clearly enough that both compact and nearly compact phases have exactly (or statistically) the same unique six-fold symmetry in the first coordination shell ( I ) . This is one of the reasons why the ordering at increasing density of a disordered 2 D-phase is likely to occur continuously as will be shown in the part 3 of this paper. [3] . This is quite astonishing in view of the rough hypotheses on which the Frumkin-Fowler isotherm is based, namely :
(i) a fixed adsorption, that is the mean stay time of a molecule in an adsorption 'site uncomparetely larger than the time of transfer from one site to another,
(ii) an independence of the configurational entropy from the potential energy ; the entropy is calculated from the unweighted number of all possible configurations of the system (BraggWilliams approximation [IS] ).
Such a treatment should not be restrictive as regards the number of sites covered by a molecule during its adsorption in one of them, i.e. the ratio n between the number N, of all adsorption sites and that (Na, , , ) of the adsorbed molecules in a compact monolayer :
This number is always tacitly assumed to be unity, even though one knows that in the case of adsorption of Kr and Xe on graphite it is equal to (I) Structural studies on hard sphere random models of simple liquids with the help of Voronoi polyhedra show that whereas in a 3 D-liquid there is statistically a difference between the number of faces of the polyhedra for a crystal (12) and for a liquid ( = 14) [ I I , 121 [20] .
The reason for always considering .n = 1 is probably the difficulty of calculating, in the other cases, the number of possible configurations of the adsorbed molecules and hence their entropy. We solve the problem only in the case of a one-dimensional model. The properties of the corresponding isotherm will -be considered in part 2 of this paper. In part 3 we shall discuss implication of the model as regards the order-disorder transition in a condensed one-dimensional (1 D) phase. Some attempts of two-dimensional solutions of the problem will be given in part 4.
2. The one-dimensional one-to-n model ('). -2 . 1 ONE-AND TWO-DIMENSIONAL PHASES. -AS mentioned, the choice of the one-dimensional model is dictated by mathematical difficulties in treating the two-dimensional one. We can give a good deal of arguments against the eventual doubts regarding the transposition from the first model to the second. (i) They both cannot be stable but on a foreign substrate.
(ii) A part of the cohesion throughout the real 1 Dand 2 D-phases is due to the substrate. This is also influencing the state of the phases, as well as the order of the transitions they undergo. Accordingly, one should be cautious with statements issued from highly idealized or substrate-less 1 D-and 2 D-phases [22, 23, 241. (iii) As mentioned before, compact or nearly compact 1 D-and 2 D-phases of simple (e.g. spherical) molecules have only one possible structure against three structures for the 3 D-phase.
(iv) From kinetic point of view, a great difference between the 3 D-phase and both 1 D-and 2 D-condensed phases is that in the latter case, the (' ) According to equation (I), we shall call one-to-n model the statistical average occupation of n adsorption sites per adsorbed molecule. For the purposes of the configurational calculations it coincides with the real occupation of n sites by one molecule.
The realistic picture, used also in the calculation of the random sequential filling is, however, different [21] . It consists in occupation and partial overlap of more than n sites (depending upon the maximum coordination number). The overlaped sites cannot be occupied by another molecule, but can be overlaped by more than one molecule.
The second picture can be obtained from the first' by simple translation of the cellular space by a fraction of the ihtercellular distance.
molecules from the vapour have direct access to the bulk of the phases without crossing their surface. This probably insures an instantaneous establisheinent of equilibrium in most of the systems studied experimentally.
The invoked arguments give us good reasons for studying the properties of an one-dimensional model in order to obtain information concerning a 2 D-phase, in the case of one-to-n adsorption. (2) where 0 < 8 < 1 is the degree of coverage of the surface. Another current assumption is that the (where Ul is the energy of the 1 -th configuration and compact adsorption layer is identical (as to structure g, its number of degeneracy) by : and coordination) with a lattice plane of the 3 D-infinite crystal of the same substance. If the
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the first neighbour shell is z, and the first neighbour
bond has an energy +,, the separation work 4,
should be approximately
Here G is the total number of configurations that
the adsorbed layer can possess and is the average value of the energies U,.
(where 4 + is the separation work of a molecule from
The hypothesis of fixed adsorption implies, its own substrate). moreover, that the molecules are vibrating around
The limitation to first nearest neighbours is not the adsorption sites and that translation is due to essential for the calculation. We can attribute occasional jumps. When a high temperature formally the totality of the interaction energy due to harmonic approximation is used, (3) can be written all neighbours to the nearest neighbours only, and as write :
where z, and +k are the coordonation number and
the bond energy of the k-th neighbour, and (4)
Here is :
The mean desorption work can be written as : In the case of one-to-one model, Wi is constant and equal to 8, which allows the use for the mean desorption work of an expression analogous to (6') :
(where + has the same value as above). In the case of one-to-n adsorption, the more general relation (7) should be used (3).
It must also be remembered in this case that because of the mutual exclusion of a part of the adsorption sites, there are many more coordonation shells in the adsorbed layer than in the compact crystal, i.e. z, C zi and +k C t,biri.
LATERAL BOND ENERGIES IN A ONE-TO-fZ ONE
DIMENSIONAL MODEL. -In view of simplicity, We will use for the calculation of bond energies, in the one-to-n adsorption model, the equations (6') and (7), assuming, however, that the bond energy of lateral interaction is zero for the second nearest neighbour of the compact lattice (k = 2). A molecule in the non-compact adsorption layer has then n types of neighbours nearer than the one labeled k = 2. This assertion is illustrated for the case of one-to-3 adsorption of xenon on graphite ( 
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The principle of the calculation of the probability fdr having an i -type nearest neighbour in a one-to-n adsorption layer, will be illustrated with the help of a one-to-3 one-dimensional model (Figs 2 and 3) .
The probability for a site to be occupied by a molecule (which extends over three sites) is clearly proportional to the degree of coverage. Since there (') It is still assumed that the compact adsorption layer is isomorph to a lattice plane of the crystal, which is approximately FIG. 2. -States of occupancy of one site ( T ) on the surface of a true in the case of krypton and xenon on graphite.
one-dimensional substrate in the case of one-to3 adsorption.
The substitution of these three probabilities in (7) gives : since in this particular case z , = z, = z, = 2.
In the general case of one-to-n one-dimensional adsorption, we have 2.4 CONHGURATIONAL ENTROPY. - Figure 4 gives an idea of the possible configurations of two Even for this highly simplified model, the difficulties in the computation of the total number of configurations (G = 44), due to steric hindrances, is an equipartition between the three modes of are evident. occupation shown in figures 2a, b, c, the corresponding probabilities are (where k' is a normalization constant). On the other hand, the probability to have the site empty ( Fig. 2 d ) is : w:= k'(1 -0 ) .
(8')
(The sum of all four probabilities being unity, k' = 1.)
If now one searches for the probabilities of occupation or non occupation of the surface site shown by the arrow, with the suplementary condition [21] that the state of occupation of the site on the left hand side of the dashed line is specified (i.e. it should be empty or filled independently of the site we are considering), the configurations b and c drop. A new normalization gives :
For the purposes of the bond energy calculation, the probabilities for occupation of three successive sites neighbouring an adsorbed molecule (Fig. 3) are of interest. They are obtained from the combination of (9) and (9') and have the values The substitution of (6), (1 1) and (12) into (5') yields after some simplifications (Stirling's approximation) the relation : (13) which clearly gives the Fowler isotherm for n = 1.
MULTISITE ADSORPTION A N D ORDER-DISORDER TRANSITIONS
If we take as reference state for the supersaturation not more the equilibrium pressure of the infinite 3 D-crystal (at the same temperature), but the equilibrium pressure of the infinite compact 2 D-phase on the same substrate, the new, reduced supersaturation A p f is defined as [27] :
where v',,, is the mean vibrational volume per molecule, in the compact layer ; A*p is the supersaturation at which, according to the idealized (one-to-one) Fowler isotherm, the equilibrium between the condensed (compact) and the diluted 2 D-phases is established.
The substitution of (14) into (13) yields :
2.5 PROPERTIES OF THE ONE-TO-n ISOTHERM. -The isotherm for the one-to-n adsorption is obtained from the condition of maximum (negative) variation of (15) at constant temperature :
where 0, is the equilibrium degree of coverage. The variation of the free energy at equilibrium, Af,,, equal to the variation of the surface free energy of the substrate, multiplied by the area s = 1/N,, , , of an adsorbed molecule, leads, according to (16) and (15) , to :
In as much as we are unable to calculate the oneto-n isotherm for a two-dimensional model, we hopea that the one-dimensional isotherm (16) the entropy should be assimilated to that of a one-dimensional fluid and its calculation becomes problematic. In the considered adsorption of rare gases on graphite, one can be quite sure, however, that this is not the case.
3. Disorder-order transition in the condensed onedimensional layer. - Figure 5 shows that for one and the same supersaturation, the isotherm corresponding to n = 3 is situated partially above, partially below the Fowler isotherm (n = 1). The question which arises immediately is whether or not the system can swing spontaneously (at constant temperature and for a small increase in the supersaturation) from the disordered condensed state, typical for n = 3 and uncomplete coverage, to the ordered compact state expected from the isotherm for n = 1. Figure 7 gives the free energy variation at equilibrium as a function of the supersaturation for the two types of isotherms of figure 5. Since the function Afeq(Apf) can be obtained only from the numerical solution of the equations (16) and (17), curves analogous to those of the figure 7 were computed for a great variety of parameters n and rh,/kT. The result was always the same, namely the free energy curve corresponding to the condensation of a disordered phase (n > 1) is situated below the respective curve for condensation of the ordered phase (n = 1). Both curves coincide for A p r . m . easily tempted to let n tend to infinity in order to obtain the configurational entropy of a non-fixed (mobile) layer. This is clearly impossible since the model is valid only for a fixed adsorption, i.e. for the case when the mean vibrational distance a' = (6J''3 is small compared to the distance between adsorption sites. When vibrational volumes overlap, The non crossing of the curves indicates the which can be placed on N, sites) is equal to the total impossibility, for our model, of first order transition number of independant ways for building the to occur in a condensed one-dimensional state. The system, divided by Na ! (since each particular importance of this statement is such, that we need to configuration can be made up by Na ! independent search for eventual flows inherent to the model. manners). A possible numerical calculation of G (i) One should remember that the dependence of the mean vibrational volume with the coverage entering both equations (16) and (17) was neglected. This approximation would not greatly affect the isotherm insofar as, G, being always larger than 6 ,,,, but tending to it for 0, -+ 1, the two vibrational terms of equation (16) should have opposite signs. It is more hazardous to compare the influence of the vibrational entropy term in equation (17) for the disordered and the ordered condensed layers. However, it is reasonnable to assert that for the same coverage 6, the (negative) value of the derivate (a In v',/aO), will be similar in both cases. The presence in the same term of equation (17) of the square of O, , should then accentuate (at the same supersaturation) the stability of the phase with lower coverage, i.e. the ordered phase at low supersaturation and the disordered phase at high supersaturation (cf. figure 5) . This reinforces the effect obtained by neglecting the vibrational entropy terms.
(ii) Similar arguments can be evoked in answering the questions of what would happen if the disordered condensed phase were much more mobile or were a true fluid. The completely non-localised fluid state implies a further increase of the entropy in respect to that calculated above. The free energy curve corresponding to the liquid state should be shifted to more negative values and no crossing of the curves of figure 7 can be expected.
The impossibility for a first order liquid-solid transition in 1 D-(and 2 D-) condensed phases to be provoked, by a sole and small variation of the gas pressure s.eems thus to be strengthened. As forseen in the-ihtroduction of this paper, this can be explained by the lack of a break between disordered and ordered structures, contrary to the 3 D-phases. The establishement of order throughout the disordered layer by increasing the coverage goes smoothly up to 6, = 1. This is favorized kinetically thanks to the accessibility of the bulk to direct exchange with the three dimensional gas.
4.
Attemps for solution by two-dimensional one-ton models. -4.1 RANDOM SEQUENTIAL FILLING AND CONFIGURATIONAL ENTROPY. -The problem of the configurational entropy of a two-dimensional one-to-n adsorbed layer has many common points with the problem of random sequential filling of a two-dimensional cellular space, as can be seen from the following considerations.
could consist in letting a computer explore all possible ways for building a system, which is clearly a formidable task. The method we choose, based on the random sequential filling, can be illustrated with the help of the model given in figure 4 .
There are 12 ways of placing the first bi-atomic molecule on the 3 x 3 lattice and, according to the placement of that molecule, there are either 6 or 8 ways of placing the second molecule. The calculation of &,s, based on the probabilities for random filling of a space, is performed for one-dimensional cellular model only [21, 28, 29] .
The logarithm of G in equation (IS), proportional to the configurational entropy, was calculated by this method [28] . It is plotted versus the degree of coverage 6 in figure 8 . The model is that of a one-to-2 occupation. For comparison, in the same figure we plotted the configurational entropy calculated exactly from equation (12). Figure 8 suggests the following remarks :
(i) The two curves overlap up to degrees of coverage 0 of 0.3 to 0.4. At higher coverages they diverge strongly and the curve representative of the random filling becomes nil for 0 = 0.8647. This concentratation limit for a randomly built model, calculated by McQuistan [29] and Widom [28] , is confirmed also by computer simulation.
(ii) The difference between the two curves is coincide with the true mean values for small coverages. At high coverages, the number of accessible sites for deposition of a new molecule can be different from zero, only if parts of the system contain very compact and hence ordered 2 D-clusters. But, this is almost excluded during the random filling.
(iii) Since, the disorder itself is hard to define in a cellular space, it seems to us that the random filling is a fairly acceptable criterion for such a disorder. From this point of view, the (lower) configurational entropy given by the curve b in figure 8 is that of a phase squeezed to remain in a complete disorder, since curve a gives the entropy of all possible states, those of partial or total order included. at equilibrium (Af,,) versus supersaturation, for the two cases represented by the isotherms in figure 9 . The discontinuity provoked by the crossing of the two curves is evident. Its consequence is the spontaneous transition inside the condensed 
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